GDNF and the GDNF receptors, c-Ret, GFRa1 and 2 mRNA is expressed in the developing chicken retina. GDNF labelling was mainly found in embryonic day 4-5 retina but weak labelling could also be found over scattered retinal cells at later stages. c-ret labelling was found over ganglion cells, amacrine and horizontal cells; the preferred GDNF receptor (GFRa1) over amacrine and horizontal cells; and the less preferred GDNF receptor (GFRa2) over ganglion cells, amacrine cells and photoreceptors. q 2002 Elsevier Science Ireland Ltd. All rights reserved.
Results
We have analysed the mRNA expression of GDNF (Lin et al., 1993) and its receptors, c-ret (Durbec et al., 1996; Trupp et al., 1996) , GFRa1 (Jing et al., 1996) and GFRa2 (Jing et al., 1997) , in the developing chicken retina using in situ hybridisation. The capacity of retinal explants to respond to GDNF stimulation in a neurite outgrowth assay was also analysed. The preferred receptor for GDNF is the c-ret/GFRa1 receptor complex (Treanor et al., 1996) where GFRa1 mediates ligand specificity and c-ret signals via tyrosine kinase domain autophosphorylation (Saarma, 2000) . GDNF can also interact with GFRa2, which is the preferred co-receptor for the closely related factor neurturin. In addition, signalling may occur in a c-ret independent way by the GFRa-receptors.
Expression patterns
The analysis showed an early (E4-E5) and a late (E6/7-hatch) expression pattern. The early pattern included labelling for both GDNF and the receptors in a patchy pattern in the retina (Fig. 1A-H ). Ligand and receptors were partly overlapping. GDNF labelling was in general diffuse and labelled cells were found in all layers of the retina and could not be attributed to any particular cell type (Fig.   1K,L) . c-ret labelling was found at E4 in the future ganglion cell layer. This expression remained throughout development. At E6, c-ret labelled cells could also be found in the external part of INL at the location of horizontal cells and by E9/10, labelling appeared in the internal part of the INL at the location of amacrine cells ( Fig. 2 and Table 1 ). The pattern of GFRa1 overlapped with that of c-ret in respect to horizontal and amacrine cells but not in the ganglion cell layer. GFRa2 labelling was instead found over cells in the ganglion cell layer but not over horizontal cells (Figs. 3 and 4, and Table 1 ). Strong GFRa2 labelling was found over amacrine cells as well as over cells in the outer nuclear layer, which include photoreceptors. The results show that c-ret expression overlap with those of GFRa1 or 2 in the ganglion cell layer and INL but not in ONL, where GFRa2 was exclusively expressed.
Neurite outgrowth
Explanted E6 retina responded to both GDNF and to neurturin, with robust dose-dependent neurite outgrowth ( Fig. 5A-D ,G,H) . The cultures were subjected to immunohistochemistry using antibodies to the ganglion cell marker ng-CAM (de la Rosa et al., 1990) and to neurofilament. All neurites were labelled for both neurofilaments and ng-CAM (Fig. 5E, F) showing that the elicited neurites were of ganglion cell phenotype. This confirms the existence of functional GDNF and neurturin receptors in the developing retina. E9 and E13 retina responded much weaker than the Micrographs showing GDNF mRNA labelling in cross-sections of E12 and E16 retina. Ages indicated both in embryonic day (E) and Hamburger and Hamilton stages (st). The expression was analysed using non-radioactive whole-mount in situ hybridisation. Tissue was hybridised with DIG-labelled riboprobes, which were visualised using alkaline phosphatase conjugated anti-DIG antibodies together with NTB-BCIP substrate. Lens and cornea had been removed to avoid trapping of colour products. Arrows indicate labelling in the future ganglion cell layer. The stained tissue was embedded in paraffin and sectioned in a microtome before visualisation. d, dorsal; inl, inner nuclear layer; ipl, inner plexiform layer; n, nasal; st. Hamburger and Hamilton stage of development; t, temporal; v, ventral. Scale bar in A is 150 mm (also valid for B-I) and in K 50 mm (also valid for L). figure. Micrographs are from the central region of the retina. Vitreal side is facing down. E, embryonic day; inl, inner nuclear layer; ipl, inner plexiform layer, st, embryonic stage according to Hamburger and Hamilton (1951) . Scale bar is 80 mm. figure. Vitreal side is facing down. E, embryonic day; inl, inner nuclear layer; ipl, inner plexiform layer, st, embryonic stage according to Hamburger and Hamilton (1951) . Scale bar is 80 mm. figure. Vitreal side is facing down. E, embryonic day; gcl, ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear layer; opl, outer plexiform layer; st, embryonic stage according to Hamburger and Hamilton 1951 . Scale bar is 80 mm.
E6 retina with neurite outgrowth to either GDNF or neurturin stimulation (Fig. 5G,H) .
In conclusion, the results show that GDNF is expressed locally in the developing retina. c-ret and the preferred GDNF receptor, GFRa1, are expressed by amacrine and horizontal cells. In addition, c-ret is expressed by ganglion cells. GFRa2 is expressed by ganglion cells, amacrine cells and photoreceptors. The neurite outgrowth assay shows that both GDNF and neurturin can stimulate fibre growth from ganglion cells although they do not express the preferred GDNF receptor.
Experimental procedures
Embryos were staged according to Hamburger and Hamilton (1951) . Retinae were fixed with 4% paraformaldehyde and in situ hybridisation analysis was done as previously described (Karlsson et al., 2001) . Riboprobes for GDNF, c-ret, GFRa1 and GFRa2 (gifts from S. Homma and F. Constantini) were obtained by in vitro transcription (Homma et al., 2000) . The c-ret probe recognises the intracellular kinase domain of chicken c-ret (Schuchardt et al., 1995) . Neurite outgrowth assay: 0.4 mm retinal pellets were embedded in a collagen gel to which human GDNF or neurturin (Peprotech nr 450-10, 450-11) was added. The results were assessed by measuring the mean maximum outgrowth as previously described (Carri and Ebendal, 1987; Hallböök et al., 1996) . Cultures were fixed and subjected to fluorescence immunohistochemistry with ng-CAM (de la Rosa et al., 1990 ) and neurofilament (NF-M&H, Chemicon MAB 1592) antibodies. Table 1 Summary of labelling patterns for c-ret, GFRa1 and GFRa2 mRNA shown in Fig. 2 . The central region of the retina was studied. ONL; outer nuclear layer, INL e; external part of the inner nuclear layer, INL i; internal part of the inner nuclear layer, GCL; ganglion cell layer c-ret GFRa1 GFRa2
a Horizontal cells. b Amacrine cells. Fig. 5 . Neurite outgrowth from E6 (squares), E9 (diamonds) and E13 (circles) retinal explants stimulated by glial cell line-derived neurotrophic factor or neurturin. Pellets (0.4 mm) were punched out from E6, E9 and E13 retina and placed into a collagen gel. GDNF or NTN protein of the indicated concentrations was added to the cultures. Neurite outgrowth was measured after 4 days in culture (Carri and Ebendal, 1987) . (A) E6 retina explant stimulated with 100 ng/ml GNDF. (B) E6 retina with 10 ng/ml and (C) E6 retina with 1 ng/ml. (D) E6 retina with control medium and (E, F) E6 retina stimulated with 100 ng/ml neurturin and subjected to immunohistochemsitry using antibodies to (E) the ganglion cell marker ng-CAM and (F) neurofilament. (G) Graph of the neurite outgrowth elicited by GDNF and (H) neurturin stimulation. E, embryonic day; GDNF, glial cell line-derived neurotrophic factor; NTN, neurturin. Scale bars in A and E are 200 mm also valid for B-F.
